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INTRODUCTION
The turbulent boundary layer of a flow passing over a bump exhibits extremely complex flow characteristics, despite the relatively simple geometry of this system (Baskaran et al., 1987 , Webster et al., 1996 . A model surface bump can be constructed from three tangential circular arcs, as shown in Fig.1 . When the flow impinges on this bump, the boundary layer experiences a short region of concave surface, a longer region of convex surface, another short region of concave surface, and then returns to the flat plate. As a result of this geometry, the streamwise pressure gradient changes from adverse to favorable in the region upstream of the bump apex. Downstream of the bump apex, the boundary layer is subjected to an adverse pressure gradient before returning to a favorable pressure gradient over the flat plate. Thus, if we are to design an effective strategy for controlling the noise generated by such flows, a clear understanding of the effect of the longitudinal surface curvature and the associated pressure gradient is essential. One practical example in which such knowledge is vital is noise generation caused by flow over sonar transducers mounted on ships or submarines.
The majority of previous studies in this area have focused on wall pressure fluctuations in the equilibrium turbulent boundary layers over flat plates or inside channels (Kim, 1989 , Choi and Moin, 1990 , Kim et al., 2002 . Recent advances in direct numerical simulation (DNS) have intensified interest in calculating wall pressure fluctuations in nonequilibrium turbulent flows. Neves and Moin (1994) examined the effects of convex transverse curvature on wall pressure fluctuations in axial flow boundary layers. They found that r.m.s. wall pressure fluctuations decrease with increasing the transverse curvature. In a study of the effects of separation on wall pressure fluctuations, Na and Moin (1998) observed large two-dimensional roller-type structures inside a separation bubble. Recently, Kim et al. (2003) investigated the characteristics of wall pressure fluctuations after a sudden application of wall blowing or suction. They showed that blowing has a greater effect than suction on wall pressure fluctuations. However, the effects of longitudinal surface curvature and the associated pressure gradient on wall pressure fluctuations have yet to be established.
The mechanism of aerodynamic noise generation by a turbulent shear flow has been a subject of great interest since Lighthill first formulated a general theory for the aeroacoustic noise (Lighthill, 1952) . When a flow encounters a solid body, Curle's integral solution (1955) to the Lighthill equation provides a theoretical framework for predicting the noise generated by the flow--body interaction. According to the extension of Lighthill's formalism by Powell (1960) , fluctuating velocities produce quadrupole noise sources, whereas fluctuating wall shear stresses take the form of dipole sources. Thus, when an infinite surface plate boundary layer is assumed, the most important dipole source term, that from wall pressure fluctuations, is eliminated by reflection from the surface plate. However, in the present study, we found that the acoustic sources of the Lighthill equations without consideration of wall pressure fluctuations are closely correlated with the distribution of wall pressure fluctuations. Here we endeavor to develop a quantitative description of the The main objective of the present study was to investigate the effects of longitudinal surface curvature and the associated pressure gradient on wall pressure fluctuations and flow induced noise. To achieve this, we performed DNSs of a turbulent boundary layer over a bump. Turbulence statistics and frequency spectra of wall pressure fluctuations were extracted using standard techniques for analyzing stochastic data. In addition, two-point correlation coefficients were used to deduce the spatial structure of the wall pressure fluctuations. Acoustic sources of the Lighthill equations were investigated in detail as a function of longitudinal surface curvature. A quantitative statistical description of the relationship between wall pressure fluctuations and acoustic sources was formulated in terms of the correlation coefficient. Far-field acoustic density fluctuations were computed using the Lighthill acoustic analogy.
DIRECT NUMERICAL SIMULATION
For an incompressible flow, the non-dimensional governing equations are 1 Re
where x i are the Cartesian coordinates and u i are the corresponding velocity components. All variables are non-dimensionalized by a characteristic length and velocity scale, and Re is the Reynolds number. By introducing generalized coordinates η i , the velocity components u i are transformed into the volume fluxes across the faces of the cell q i or q. Formulation of the problem in terms of the contravariant velocity components, weighted with the Jacobian J in conjunction with the staggered variable configuration, leads to discretized equations. The transformed governing equations are rewritten as 
where N i is the convective term, G i (p) is the pressure gradient term, L 1 i and L 2 i are the diffusion terms without and with cross-derivatives, and D i is the divergence operator. More details can be found in Choi et al. (1993) . The governing equations are integrated in time using the fully implicit, fractional-step method proposed by Choi and Moin (1994) . Table 1 lists the bump parameters used in the present work, along with those used in previous studies (Webster et al., 1996, Wu and . In the present DNS, we specified the bump parameters so that the streamwise distribution of the computed wall pressure coefficient for δ/R=0.015 matched well with that of Webster et al. (1996) (Fig. 2) . Because the Reynolds number considered in the present DNSs was smaller than those of previous studies, a smaller curvature parameter (δ/R) was used in the present work. Bradshaw (1973) demonstrated that a convex curvature of δ/R=0.01 significantly reduced the skin friction coefficient compared to that over a flat plate. Taking into consideration this finding, the bump used in the present work is expected to significantly affect the turbulent boundary layer. The surface bump has two discontinuities in surface curvature: the concave-to-convex surface near the leading edge and the convex-to-concave surface near the trailing edge. Note that, at both of these discontinuities, the bump used in the present work has a value of ∆k* = 5.52×10 -4 , which satisfies the criterion ∆k* > 0.37×10 -4 for the formation of an internal layer (Baskaran et al., 1987) . Here, ∆k*=(1/R 2 -1/R 1 )ν/u τ where R 1 and R 2 are upstream and downstream radii of curvature, respectively.
In the DNSs', time-dependent turbulent inflow data were provided at the inlet based on the method of Lund et al. (1998) . Using this approach, instantaneous planes of velocity data were extracted from an auxiliary simulation of a spatially developing The computational domain size was L x = 240, L y = 45 and L z = 40. The inlet Reynolds number based on the inlet momentum thickness (θ 0 ) and free stream velocity (U ∞ ) was Re=300. The mesh contained 257x97x129 points in the streamwise, wall-normal, and spanwise directions, respectively. Non-uniform grid distributions were used in the streamwise and wall-normal directions, whereas a uniform grid distribution was used in the spanwise direction. The computational grid was generated using the direct distribution control technique of Thomas and Middlecoff (1980) . The computational time step used was ∆t=0.3 θ 0 /U ∞ and the total averaging time to obtain the statistics was T avg =5000 ν/u τ 2 , where ν and u τ are the kinematic viscosity and the friction velocity, respectively. A streamline-normal coordinate system (s, n, z) was used for post-processing, where the n-axis is perpendicular to the lower surface in Fig. 1(b) . The corresponding velocity components in (s, n, z) are denoted (u s , u n , u z ). A normalized streamwise coordinate, x'=(x-x 0 )/L c , was also used, where x 0 corresponds to the leading edge of the bump and L c is the bump length. In the x'-coordinate system, x'=0 coincides with the leading edge, x'=0.5 with the bump apex and x'=1.0 with the trailing edge.
AEROACOUSTIC THEORY
From the Lighthill acoustic analogy (1952), the concentrated unsteady flow region is the aeroacoustic source region, which can be obtained from an incompressible DNS. The density fluctuations due to propagation of an acoustic wave from the aeroacoustic source region are governed by an inhomogeneous wave equation, which can be written in the following form:
where
Equation (5) is a restatement of the Lighthill equation in terms of the values relative to the freestream values. Equation (6) is the Lighthill stress tensor composed of three terms, and Eq. (7) is the viscous part of the Stokes stress tensor.
When the reference frame is fixed on the moving solid boundary, Curle's solution (1955) of the Lighthill acoustic analogy can be applied. Curle showed that the general solution for the flow past a rigid surface can be written as: 
where x is an observation point position vector, y is a source point position vector, r = |x-y|, P ij =pδ ij -τ ij , and n j is the directional cosine of the outward normal to the rigid surface. Powell (1960) pointed out that for flow past an infinite plane surface one can consider a new extended flow field obtained by reflection of the original one in the plane y=0, which gives an identical acoustic field. Based on the result of Powell, the acoustic density in the upper half-plane can be written as: 
where k=1,3 and x* is the image of position x in the rigid surface x 2 =0. Note that reflection at an infinite surface plate boundary layer thus eliminates the dipole source term arising from wall pressure fluctuations. When the distance between observation and source points is larger than the acoustic wavelength, the far-field approximation can be applied. Also, when the solid body and the source region are smaller than the typical acoustic wavelength, the source region is acoustically compact. The acoustic density at the far-field generated from a compact source region can be approximated by ( ) 
which includes two typical noise source functions, a surface dipole and a volume quadrupole, which are generated from the surface of the rigid wall and the entire unsteady flow region, respectively. The acoustic density at the far-field generated by a compact source region is rewritten as: 
( )
are dipole and quadrupole sources, respectively. The residual effect at the exit boundary is eliminated by using the following corrective formula derived by Wang et al. (1996) ,
where the dots denote time derivatives and F ij is the flux of Lighthill stress components (Wang et al., 1996) .
RESULTS AND DISCUSSION

Mean Wall Pressure and Wall Pressure Fluctuations
Before proceeding further, it would be advantageous to see the variation in the mean wall pressure along the wall. Figure  3(a) shows the streamwise distribution of the wall pressure coefficient (C p ). The boundary layer initially develops under a zero pressure gradient at the inlet, after which the streamwise pressure gradient becomes mildly adverse over the upstream flat plate. The boundary layer then experiences a short region of concave curvature before encountering a region of convex curvature. The corresponding pressure gradient changes from adverse to favorable. Downstream of the bump apex, the streamwise pressure gradient is strongly adverse then changes to mildly favorable over the exit flat plate. 
Here u τ is the friction velocity and the brackets indicate an average over the spanwise direction and time. For δ/R=0.015, P + changes sign at three streamwise locations, x'=0.038, 0.52 and 1.04. Thus, the computational domain can be divided into four streamwise regions according to the sign of the streamwise pressure gradient. Notably, in the range of 0.78<x'<1.02, P + exceeds the value of 0.09 suggested by Patel as the threshold value above which separation processes occur (Patel, 1965) . In this region, which is the zone of strong adverse pressure gradient, the boundary layer experiences intermittent reversal and separation in the vicinity of the wall. This region of strong adverse pressure gradient expands with increasing δ/R.
The distribution of the skin friction coefficient, C f =τ w /(ρU ∞ 2 /2), is shown in Fig. 4(a) . Relative to C f at the inlet, C f decreases when the boundary layer is subjected to an adverse pressure gradient but increases in regions of favorable pressure gradient. Near the flat-to-concave transition, C f increases rapidly in the region where the pressure gradient decreases. A rapid increase in C f also occurs near the trailing edge of the bump. As pointed out by Wu and Squires (1996) , this latter change in C f can be regarded as evidence of internal layer generation at a curvature discontinuity. The locations of zero wall shear stress are x'=0.78 and x'=1.01 for δ/R=0.030, and x'=0.68 and x'=1.06 for δ/R=0.045. Since detachment is related to the streaky structures from upstream of the bump apex, the location at which detachment occurs is more variable than that of reattachment. where * denotes the complex conjugate and the brackets indicate an average over the spanwise direction and time. The dependence of the spectral density on the streamwise location x is considered due to the flow inhomogeneity. The frequency spectra ϕ(ω; x) are obtained by integrating Φ(k z , ω; x) over k z .
Each spectrum presented in this paper is normalized such that its integral is equal to the mean-square of the wall pressure fluctuations. The spectra normalized by the outer variables are illustrated in Fig. 7 . For δ/R=0.015 ( Fig. 7(a) ), the spectra converge in the high frequency region. For 0.4<ω θ 0 /U ∞ , the spectra decrease with a slope of about -5. The computed pressure spectra shows a region with a slope of -1, which arises from the contribution of motions in the logarithmic region. The frequency spectra for δ/R=0.030 and 0.045 are presented in Fig. 7(b) and (c), respectively. Any spectra scaled for the present turbulent boundary layer over a bump do not converge in the presence of a pressure gradient. This is due to the fact that the dynamic pressure is no longer an important parameter in boundary layers with a pressure gradient. The spatial characteristics of the wall pressure fluctuations are obtained from the two-point correlations as a function of the streamwise spatial (∆x) and temporal (∆t) separations, 
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where the brackets indicate an average over the spanwise direction and time. Again, the dependence on the streamwise location x is considered due to the flow inhomogeneity. Contour maps of the two-point correlation for all cases at two streamwise locations are presented in Fig. 8 , where the contour levels are from 0.1 to 0.9 in increments of 0.1. To facilitate comparison, the spatial separations are normalized by the inlet momentum thickness. The strong convective nature of the wall pressure fluctuations is reflected in the concentration of the contours into a band. The convection velocity of large eddies is higher than that of small eddies, as indicated by a slightly higher value of the slope ∆x/∆t. Figure 8 shows that the wall pressure field loses coherence as convection proceeds and as surface curvature increases. Note that the contour plot shows a slightly tilted shape at x'=12/12, indicating that the wall pressure fluctuations do not proceed further downstream. Figure 9 shows the two-point correlation of the wall pressure fluctuations as a function of the spanwise spatial and temporal separations,
is the nominal acoustic source. Contour maps of the instantaneous acoustic source calculated using Eq. (20) are shown in Fig. 10 . It is seen that S is small near the leading edge of the bump and bump apex. Large acoustic sources are located near the trailing edge of the bump, where the streamwise pressure gradient is strongly adverse. The source term S becomes small again by x'=1.5. The strength of the acoustic source increases with increasing the radius of surface curvature δ/R.
Contour maps of the r.m.s. acoustic source calculated using Eq. (20) are shown in Fig. 11 . Similar to the behavior of the instantaneous acoustic source (Fig. 10) , the r.m.s. acoustic source S is small near the leading edge of the bump and bump apex, and reaches a maximum near the trailing edge of the bump. Comparison of Figs. 11 and 4(b) indicates that the location of the dominant acoustic source qualitatively coincides with the location where the wall pressure fluctuations are greatest. This suggests that wall pressure fluctuations are closely correlated with acoustic sources. Such a correlation between acoustic sources and wall pressure fluctuations would call into question the validity of eliminating the dipole source term coming from wall pressure fluctuations in the acoustic source of Lighthill's equations (Powell, 1960) . A more quantitative description of the relationship between wall pressure fluctuations and acoustic sources is presented below in Fig. 13 .
To obtain further insight into the acoustic source S, profiles of the acoustic source were examined ( Fig. 12(a) ). For the boundary layer over a flat plate (δ/R=0), S has the largest r.m.s. value near y + =20, which corresponds to the average location of the center of the streamwise vortices near the wall. Note that for δ/R =0.030, S is maximum in the viscous sublayer near y + =5; this maximum in S is likely related to the generation of the internal layer, which is known to be triggered at discontinuities in the surface curvature (Baskaran et al., 1987 , Webster et al., 1996 . A closer inspection of Fig. 12 due to the high turbulence intensities in the wall-normal and spanwise directions, respectively. In sum, the internal layer that forms as a result of the discontinuity in the surface curvature is responsible for the increased acoustic source generation observed near the trailing edge of the bump. 
respectively. The brackets denote an average over the spanwise direction and time. Using the DNS database for a flat plate turbulent boundary layer (Kim et al., 2002) , the correlation and its corresponding coefficient are obtained at the center of the computational domain, x 0 =100θ 0 .
The contour lines of R' pS (∆x, ∆y, ∆z) in the y-z, x-z, and x-y planes are shown in Fig. 13 . The contour levels span from -0.2 to 0.2 in increments of 0.02, and negative correlations are indicated by dashed contours. In the contour map in the y-z plane ( Fig. 13(a) ), the maximum correlation coefficient occurs directly above the location of maximum wall pressure fluctuations. Note that no spanwise displacement is observed at ∆y + =20 ( Fig. 13(b) ), indicating that the strongest correlation coefficients in the vicinity of the wall are observed directly above the locations of the maximum wall pressure fluctuations. Figure 13 (c) discloses that the location of the maximum , and contours of negative values are dashed. It is worth pointing out that the extremely small contour levels result from the M 4 and M 3 factors in Eq.(10). In the present calculation, based on the acoustic analogy, sufficient arithmetic precision is maintained since the far-field and near-field acoustic densities are evaluated separately. The volume quadrupole contribution to the total acoustic density propagation is O(M 4 ), whereas the surface dipole contribution is O(M 3 ). Thus, the effect of the quadrupole source on the far-field acoustic density fluctuations is smaller than that of the dipole source at low Mach numbers. For δ/R=0.0, it is clearly shown in Fig. 14 that the total acoustic field has dipole-like characteristics.
The contribution of the volume quadrupoles to the total acoustic field gradually increases with increasing δ/R. The role of the volume quadrupole for δ/R =0.030 (Fig. 16 ) is more important than that for δ/R =0.015 (Fig. 15) . As can be clearly seen in Fig. 17 , the contribution of the volume quadrupole for δ/R =0.045 is much larger than the contributions for other cases.
One can conclude from the acoustic field results that the total acoustic field shows dipolar characteristics for δ/R=0.0, 0.015, and 0.030 (Figs. 14-16), whereas quadrupolar characteristics appear in the total acoustic field for δ/R =0.045 (Fig. 17) . 
CONCLUSIONS
A detailed numerical analysis of flow past a surface bump has been performed to scrutinize the effects of longitudinal surface curvature on wall pressure fluctuations and flow induced noise. Statistical descriptions of the wall pressure fluctuations were obtained by performing DNSs of a turbulent boundary layer over a bump. The skin friction coefficient, C f , decreases when the boundary layer is subjected to an adverse pressure gradient, but increases under favorable pressure gradients. The detachment behavior is influenced by streaky structures from upstream of the bump apex, which vary markedly over time. As a result, the location of detachment shows larger variations than that of reattachment. Wall pressure fluctuations are significantly enhanced near the trailing edge of the bump, where the boundary layer is subjected to a strong adverse pressure gradient. The dynamic pressure is no longer an important parameter in boundary layers subjected to a pressure gradient. The spanwise integral length scale of wall pressure fluctuations increases near the trailing edge of the bump. The acoustic source S is small near the leading edge of the bump and bump apex. Large acoustic sources are located near the trailing edge of the bump, where the streamwise pressure gradient is strongly adverse. The strength of the acoustic source increases with increasing the radius of surface curvature δ/R.
The internal layer triggered by the discontinuity in surface curvature near the trailing edge of the bump is responsible for increased acoustic source generation in this region. The strongest correlations between p w and S in the vicinity of the wall are observed directly above the locations of maximum wall pressure fluctuations. The effect of the quadrupole source on the far-field acoustic density fluctuations is smaller than that 
